The genetics underlying autism spectrum disorder (ASD) are complex. Approximately 3-5% of ASD cases arise from maternally inherited duplications of 15q11.2-q13.1, termed Duplication 15q syndrome (Dup15q). 15q11.2-q13.1 includes the gene UBE3A which is believed to underlie AsD observed in Dup15q syndrome. UBE3A is an E3 ubiquitin ligase that targets proteins for degradation and trafficking, so finding UBE3A substrates and interacting partners is critical to understanding Dup15q ASD. In this study, we take an unbiased genetics approach to identify genes that genetically interact with Dube3a, the Drosophila melanogaster homolog of UBE3A. We conducted an enhancer/suppressor screen using a rough eye phenotype produced by Dube3a overexpression with GMR-GAL4. Using the DrosDel deficiency kit, we identified 3 out of 346 deficiency lines that enhanced rough eyes when crossed to two separate Dube3a overexpression lines, and subsequently identified IA2, GABA-B-R3, and lola as single genes responsible for rough eye enhancement. Using the FlyLight GAL4 lines to express uasDube3a + uas-GFP in the endogenous lola pattern, we observed an increase in the GFP signal compared to uas-GFP alone, suggesting a transcriptional co-activation effect of Dube3a on the lola promoter region. These findings extend the role of Dube3a/UBE3A as a transcriptional co-activator, and reveal new Dube3a interacting genes.
1
, and is characterized by social communication deficits and repetitive behaviors 2 . While the underlying genetic causes of autism are complex, recurrent copy number variants associated with ASD can provide insight into the genetic mechanism as they are consistently observed at high rates among ASD individuals [3] [4] [5] [6] . One such disorder results from maternally derived duplications of chromosome 15q11.2-q13.1, termed Duplication 15q (Dup15q) syndrome and the majority of Dup15q individuals meet the criteria for ASD 7 . A single gene located within 15q11.2-q13.1, the E3 ubiquitin ligase UBE3A, has been implicated in driving ASD features of Dup15q 8, 9 . Identification of UBE3A substrates and interacting proteins, however, has been a difficult task 10 . Using the GAL4/UAS system 11 , our lab has constructed a Dup15q syndrome model in Drosophila melanogaster through overexpression of Dube3a (the fly UBE3A homolog) to investigate molecular consequences of elevated levels of Dube3a in the fly nervous system. This study supplements our previous proteomics screen 12 by taking an unbiased genetics approach to identify genes that interact with Dube3a. Here, we performed an enhancer/ suppressor screen, using a rough eye phenotype produced by over-expression of Dube3a with GMR-GAL4, to identify new Dube3a interacting genes. Using the DrosDel deficiency kit that covers 65.2% of the fly genome 13 , and subsequent uas-RNAi lines, we found three new Dube3a interacting genes: GABA-B-R3, IA2, and lola. 
Results

GABA-B-R3, IA2
, and lola enhance the GMR > Dube3a rough eye phenotype. We utilized two GMR > Dube3a lines in this screen that were previously characterized to identify modifiers of the rough eye phenotype 14 . The line GMR > Dube3a45 has moderate Dube3a overexpression that causes a mild rough eye phenotype, while GMR > Dube3a27 has higher Dube3a expression levels and causes a more severe eye phenotype with underlying necrosis. Out of the 346 DrosDel lines, we found that Df(2 L)ED62, Df(2 L)ED105, and Df(2 R) ED2076 enhanced rough eyes when crossed to both GMR > Dube3a45 and GMR > Dube3a27. Next we used a combination of smaller deficiency lines eliminating smaller segments of the genome within each DrosDel line and uas-RNAi lines to identify the specific genes within each region that, when knocked down, enhanced rough eyes produced by Dube3a overexpression (Table 1) . We found that expression of RNAi for GABA-B-R3, IA2, and lola enhanced rough eyes in both GMR > Dube3a45 and GMR > Dube3a27, yet RNAi expression for these three genes alone had no effect on eye morphology (Fig. 1) . These experiments suggest that Dube3a interacts genetically with GABA-B-R3, IA2, and lola as knockdown of these genes enhances the rough eye produced by Dube3a overexpression. overexpression of Dube3a in the endogenous lola Expression Pattern Enhances GFP Reporter signal. Next, we used the FlyLight GAL4 collection 15 to express Dube3a in the endogenous pattern of genes identified as Dube3a interactors with a GFP reporter. Each of these fly lines was generated by taking a small segment of DNA that lies upstream of the gene of interest and using it to control the expression of the GAL4 protein.
When we expressed GFP + Dube3a in the pattern of lola with the line 49389-lola-GAL4 we observed a marked increase in the GFP signal in the optic lobe compared to GFP alone ( Fig. 2A) . However, when we expressed GFP + Dube3a in the patterns of GABA-B-R3 we observed no appreciable difference between GFP alone and Dube3a + GFP signals (Fig. 2B) , and no FlyLight GAL4 lines were available for IA2. These data suggest that Dube3a interacts with the DNA sequences upstream of lola, potentially through a transcriptional co-activation mechanism.
Discussion
The primary function of the UBE3A E3 ligase is to identify and ubiquitinate substrate proteins 16, 17 . The identification of Dube3a/UBE3A interacting partners, however, has been proven to be a difficult task. One hurdle to identifying UBE3A substrates may be due the transient nature of the interaction between UBE3A and its target protein.
In this study we took an unbiased genetics approach using the tractable model organism Drosophila melanogaster and identified IA2, GABA-B-R3, and lola as genetic interactors with Dube3a.
The gene IA2 encodes a receptor protein tyrosine phosphatase that facilitates secretion of insulin-like peptides in Drosophila 18 , and insulin signaling is important for proper eye development 19 . It is possible that in a Dube3a overexpression background, perturbation of insulin signaling through IA2 knockdown further impairs eye development, suggesting that Dube3a interacts with proteins involved in insulin signaling pathways. GABA-B-R3 encodes for a metabotropic GABA receptor that displays a unique expression profile compared to other Drosophila metabotropic GABA receptors 20 . GABA acts as an inhibitory neurotransmitter at GABA-B-R3 receptors through Go G-protein coupling and regulates circadian rhythm behavior 21 . Aside from the role of GABA-B-R3 in circadian rhythms, the function of GABA-B-R3 is relatively unknown. How Dube3a and GABA-B-R3 interact in the eye is unclear, however our data suggests that Dube3a interacts with the GABAergic system or G-protein coupled receptor function. Lola is a transcriptional repressor and subsets of lola-dependent genes are involved in eye development, cell death, and actin cytoskeleton regulation 22 . We previously demonstrated that Dube3a regulates the actin cytoskeleton 12 , implying that actin cytoskeleton disruption may play a role in the rough eye enhancement phenotype. While IA2 has the strong human ortholog PTPRN with an 8/12 DIOPT score 23 , GABA-B-R3 and lola do not have clear human orthologs. Nonetheless, insights into the basic biology of and the nature of interactions between the identified genes and Dube3a can still provide insight into the function of Dube3a/UBE3A. We observed an increase in GFP signal in 49389-lola > GFP + Dube3a flies compared to 49389-lola > GFP alone flies. It is unlikely that Dube3a is acting on the UAS promoter region of GFP because the same GFP construct was used in both the lola-GAL4 and GABA-B-R3-GAL4 experiments. We only observed increased GFP expression with lola-GAL4 (Fig. 2) . Therefore, we hypothesize that the increased GFP signal is due to the transcriptional co-activation function of Dube3a, a phenomenon previously reported by our lab and others [24] [25] [26] , but largely unexplored. Our working model is that in 49389-lola > GFP flies, the GAL4 protein binds to the uas-GFP sequence, driving expression of the GFP reporter. However, in 49389-lola > GFP + Dube3a flies, the GAL4 protein binds to both the uas-GFP sequence and the uas-Dube3a sequence, causing both GFP and Dube3a to be expressed. If Dube3a is acting as a transcriptional co-activator, Dube3a could be looping back to the 49389-lola-GAL4 sequence and driving expression of more GAL4 protein. The increase in GAL4 protein is then further driving expression of GFP, resulting in a feedback loop causing the increased GFP fluorescence observed in 49389-lola > GFP + Dube3a flies. An alternative mechanism could be the Dube3a-dependent degradation of a region specific lola repressor that leads to increased GFP expression, and this repressor is not present at the GABA-B-R3 locus. While these hypotheses remain to be tested in further detail, the data presented here serves as a solid starting point since the DNA sequence used to drive GAL4 expression in the 49389-lola-GAL4 line is known.
In conclusion, our lab utilized an unbiased enhancer/suppressor screen and identified GABA-B-R3, IA2, and lola as Dube3a interacting genes. Dube3a appears to have transcriptional co-activation activity within a subset of lola expressing cells which remains to be investigated further.
Materials and Methods
Fly Stocks. Flies were reared at 25 °C on standard Drosophila corn meal media. GMR-GAL4, 49389-lola-GAL4, the DrosDel Deficiency Kit, uas-lola-RNAi, uas-IA2-RNAi, and uas-GABABR3-RNAi, along with other uas-RNAi lines were obtained from the Bloomington Drosophila Stock Center (for complete list of stocks, see Supplemental Table 1 ). The uas-Dube3a lines used in these experiments were described previously 14 . The line uasDube3a45 has moderate Dube3a expression and produces a mild rough eye phenotype when crossed to GMR-GAL4, while uas-Dube3a27 line has higher Dube3a overexpression with GMR-GAL4 and produces a severe rough eye phenotype with underlying necrosis 14 . Stock lines were made consisting of GMR-GAL4 + uas-Dube3a45 or GMR-GAL4 + uas-Dube3a27, which were subsequently crossed to DrosDel deficiency lines. The uas-GFP lines was a gift from Dr. Cynthia Hughes.
enhancer suppressor screen. Male flies from the DrosDel deficiency kit were crossed to virgin female GMR-GAL4 + uas-Dube3a45 and GAL4 + uas-Dube3a27 flies at 25 °C. 3-5 days after eclosion, eyes were compared to GMR > Dube3a45 and GMR > Dube3a27 alone. Enhancement was defined as an increase in the following parameters: eye roughness, fusion of ommatidia, and/or underlying necrosis (yellow and black color). Any DrosDel line identified as an enhancer of the rough eye phenotype caused by Dube3a overexpression was independently scored by a second observer for confirmation. The flybase genome browser was used to identify secondary deficiencies and genes within each region that were subsequently tested for enhancement of rough eyes with uas-RNAi lines for individual genes located within the region. Images were captured on a PowerShot S50 (Canon) camera mounted to a Leica L2 compound dissecting microscope and processed with PhotoShop (Adobe). Adjustments to brightness and contrast were consistent across all images.
Fly Brain Dissection and Imaging. 3-5 day old flies were briefly anesthetized with CO 2 , heads were removed, and brains were dissected in phosphate buffered saline (PBS). Brains were fixed in 4% formaldehyde, washed with PBS, and mounted on glass slides with Vectashield Mounting media (Vector Labs H-1200). Images were acquired on a Zeiss 710 confocal microscope (Zeiss) located in the UTHSC Neuroscience Institute Imaging Core at 1024 × 1024 resolution with the detector gain and offset optimized to use the full 12-bit linear range. Microscope settings remained constant between control and experimental groups. GFP was excited using a 488 nm laser and emission was collected at 493-569 nm. Z-sections were acquired at 1 µm optical section thickness through the entirety of the brain. Images were acquired and z-stacks were transformed to maximum intensity projections using ZEN software (Zeiss).
Data Availability
All data generated during this study are included in this manuscript, the supplemental materials, or can be made available from the corresponding author upon reasonable request.
